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Abstract 
In the present work a combined multibody dynamics(MBD) and finite element(FE) approach is developed for modeling the 
dynamics and vibration behaviour of an axial piston type hydraulic pump. A MBD model of the pumping mechanism is 
developed to predict the dynamic excitation forces at the bearings and control piston locations. The dynamic excitation forces in 
the frequency domain are obtained using fast fourier transform (FFT) with a rectangular type windowing function. A detailed FE 
model of the pump is developed consisting of the internal components, housing, and end cover. The dominant mode shapes and 
natural frequencies of the pump assembly are studied. The forced vibration behaviour of the pump is predicted by using the 
dynamic excitation forces from the MBD model. The numerical results are compared with the experimental results and a good 
agreement is found. Further, numerical studies are carried out to study the influence of component mass and stiffness on the 
vibration response. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICOVP 2015. 
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1. Introduction 
A variable displacement axial piston pump is used as an important source of fluid power in hydraulic systems to 
meet the flow and high pressure requirements. The primary areas of study in the piston pumps have been the 
pressure ripple, leakage, lubrication, and controls. The dynamic modeling of the pump has been primarily conducted 
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using 1D modeling [1,2]. Also, in the 1D models, only the internal components of the pump have been considered. 
Similarly, the studies using multibody dynamic modeling also have considered only the internal components of the 
pump[3]. In the dynamic modeling of the pump using both the 1D and multibody approaches, the dynamic excitation 
forces responsible for the vibration have not been studied. The vibration studies in the piston pump have been carried 
out at the component level and the system interactions have not been considered [4]. The study of the vibration 
performance of the piston pump involving a detailed identification of the different excitation sources, study of the 
modal characteristics, and modeling of the forced vibration response of the pump assembly has not been carried out 
previously. In the present work the mechanism of vibration generation and propagation in an axial piston type 
hydraulic pump is studied and a combined MBD/FE approach developed for modeling the dynamics and vibration 
behavior. 
 
Nomenclature 
[M] Mass-inertia tensor  
[Cq] Constraint Jacobian matrix  
q  Generalized acceleration 
O   Lagrange multipliers 
dQ   Quadratic velocity vector 
eF  External force vector in MBD Model 
[MF] Mass matrix 
[KF] Stiffness matrix 
[CF] Damping matrix 
{uF} FE displacement 
{FF} External force vector 
{qF} FE generalized displacement 
{c} Mode coefficient 
2. Methodology 
Fig. 1. shows the schematic representation of the methodology. A MBD model of the pumping mechanism is 
developed to predict the dynamic excitation forces at the bearings and control piston locations. A finite element (FE) 
model of the pump is developed by considering housing, end cover, driveshaft, swashplate, rotating group, control 
piston and end cover fittings. The natural frequencies and mode shapes of the pump assembly are found using the FE 
model. The constraint forces from the MBD analysis are used to obtain the forced vibration response. 
 
 
Fig. 1. Numerical Modeling Methodology 
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The governing dynamic equations for multibody dynamic modeling are developed using the augmented Newton-
Euler formulation with Lagrange multipliers given by,  
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The internal components of the pump viz., pistons, shoes, swashplate, driveshaft, and cylinder barrel are 
considered for the development of the multibody dynamics model. Figure (2) shows the schematic representation of 
the axial piston pump multibody dynamics model. 
 
Fig. 2. Different parts and geometries of an axial piston pump 
The constraints are defined in the pump multibody dynamics model considering the interaction between the 
different internal components. Table 1 lists the different constraints defined in the multibody dynamics model. 
     Table 1. Constraints defined in the axial piston pump multibody dynamic model. 
Constraint Type Part ‘i' Part ‘j’ 
Spherical Piston Shoe 
Cylindrical Piston Cylinderbarrel 
Planar 
Fixed 
Revolute 
Spherical 
Cylindrical 
Cylindrical 
Shoe 
Cylinderbarrel 
Driveshaft 
Control Piston 
Swashplate 
Control Piston 
Swashplate 
Driveshaft 
Ground 
Swashplate 
Ground 
Ground 
 
The pressure forces which are the external forces acting on the pumping mechanism are defined on the individual 
pistons. Fig. 3. shows a typical time variation of the pressure force acting on the piston. 
The equation (1) is solved to obtain the accelerations and the Lagrange multipliers. The positions and velocities 
of the individual internal components are obtained by numerical integration and solution of non-linear position and 
linear sparse velocity equations. And, the constraint forces are obtained from the simulation by using the Lagrange 
multipliers and the constraint Jacobian matrix. The Gaussian elimination method is used for identifying independent 
coordinates and the Newton-Raphson method is used for the solution of non-linear position equations. The 
numerical integration of the equations of motion is carried out using the multistep backward difference formula 
Control Piston
Cylinder Barrel
Drive Shaft
Shoe
Swashplate
Piston
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method with the error tolerance etol=1x10-6 and normalized maximum step size of Δt/t=4.8x10-4. The simulation is 
conducted for time duration t= 0.027 seconds (corresponding to one revolution at 2200 RPM).  
 
 
Fig. 3. Variation of the normalized pressure forces with angle 
The constraint forces are studied in detail as they constitute the dynamic excitation responsible for the vibration 
of the pump. However, all the constraint forces obtained from the simulation are not responsible for the excitation of 
the pump structure. Thus, among the various constraint forces obtained from the simulation, a set of seven constraint 
forces responsible for providing the vibration excitation in the pump are identified. The seven constraint forces are 
the vertical end cover bearing force (F1), vertical housing bearing force (F2), horizontal high pressure swash bearing 
force (F3), horizontal low pressure swash bearing force (F4), vertical high pressure swash bearing force (F5), 
vertical low pressure swash bearing force (F6) and control piston force (F7). Figure (4) shows the graphical 
representation of the locations and directions of the seven constraint forces responsible for the dynamic excitation of 
the pump. The constraint forces obtained from the simulations are in the time domain. In order to characterize these 
forces and estimate their contribution to the vibration behavior, the constraint forces are transformed into the 
frequency domain. Both, the magnitude and phase spectrum of the excitation forces are obtained from the 
transformation and considered in the subsequent modeling of the vibration behavior. The transformation from the 
time domain to frequency domain is obtained using Fast Fourier Transform (FFT) algorithm. The time window from 
t=0.0 to t=0.027 seconds, a rectangular type windowing function, and 2048 time points are chosen while performing 
the FFT. Thus, the constraint force spectrum of the seven constraint forces in the frequency is obtained. 
In the finite element (FE) modeling the equations of motion are developed in the general form given by, 
> @^ ` > @^ ` > @^ ` ^ `FFFFFFF FuKuCuM       (2) 
The solution of the equation (2) is carried out using the mode superposition method. In the mode superposition 
method the equation (2) is transformed by approximating the displacements as{uF}= [ΦF]{qF}. 
> @ ^ ` > @ ^ ` > @ ^ ` ^ `FTFFTFFTFFT FqKqCqM ][][][][][][][ ) ))))))    (3) 
Further, the generalized coordinate can be expressed as {qF}= {c}eiωt. 
The finite element model of the pump, as shown in Fig. 5., is developed by considering housing, end cover, 
driveshaft, swashplate, rotating group, control piston and end cover fittings. The housing, end cover, driveshaft, 
swashplate and control piston are modeled using solid elements. The rotating group consisting of cylinder barrel, 
pistons and shoes are modeled as a point concentrated mass and connected to the driveshaft splines using multi-
point constraints (MPCs). The fittings on the end cover are modeled as point-concentrated masses and connected to 
the inlet and delivery port nodes using MPCs. 
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Fig. 4. Location and directions of constraint reaction forces in the axial piston pump mechanism 
 
 
Fig. 5. The finite element model with fittings as point concentrated masses 
The modeling of the materials in the pump is carried out using isotropic linear elastic properties (E, ρ, µ). In the 
pump, the housing is made of ductile iron and end cover is made of gray cast iron. The driveshaft, control piston, 
bearings and swashplate are made of steel. 
The node sets are defined in the pump model for the application of forces, pressures, and displacement boundary 
conditions. The node sets are created at the driveshaft bearing, swashplate bearing, control piston, end cover outlet 
port, and housing flange locations. The node sets created at the driveshaft bearing, swashplate bearing and control 
piston locations are for the application of forces and node set at the end cover outlet port location is for the 
application of pressure forces. The zero-displacement boundary conditions are defined for the nodes at the housing 
flange locations. 
The modal and harmonic response analyses are conducted using the finite element model of the pump. The modal 
analysis of the pump finite element model is performed to determine the natural frequencies and mode shapes. The 
natural frequencies and mode shapes of the pump assembly are determined using the Block Lanczos algorithm for 
the extraction of modes in the frequency range of 0-4000 Hz. The zero displacement boundary conditions and MPCs 
are treated using the penalty method. The forced response is obtained using the mode superposition method. 
In order to study the influence of stiffness and mass of different components, three different finite element 
models of the pump are developed. In model 1, only housing and end cover are considered. In model 2, the internal 
components are considered in addition to the housing and end cover. In model 3, the end cover fittings are added to 
the pump model with the housing, end cover and internal components. The harmonic response analysis is conducted 
for the 9th, 18th, 27th and 36th orders at 2200 RPM considering a constant modal damping ζ. The acceleration levels 
and mode coefficients for the three models are compared.  
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3. Results and Discussion 
Fig. 6. shows the magnitude in the frequency domain of the seven constraint forces at the 9th, 18th 27th and 36th 
pumping orders. The frequency spectrum of the constraint reaction forces are found to have dominant peaks at 
pumping orders. The first four pumping orders are observed to have the dominant excitation. The swash bearing and 
driveshaft bearing forces are found to be dominated by the 9th order. The control piston force is observed to be 18th 
order dominant.  
Fig. 7. shows the first few modes of the pump assembly. The first mode (Fig. 7a.) is the vertical bending, 
followed by lateral bending which is the second mode (Fig. 7b.). The third mode of the pump assembly is the 
torsional mode as shown in Fig. 7c. and the fourth mode is the axial mode (Fig. 7d.). 
 
 
Fig. 6. Constraint reaction force spectrum 
 
(a) (b) (c)  
(d)  
Fig. 7. Mode shapes of the pump assembly: (a) vertical bending mode (b) lateral bending mode (c) torsional mode (d) axial mode 
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Table 2 shows the comparison of first few natural frequencies of models 1,2 and 3. The natural frequencies are 
normalized relative to the first natural frequency model 1.The comparison of the natural frequencies shows that 
modeling of internal components and fittings influence the natural frequencies, frequency difference between 
successive modes, and the modal densities. The addition of internal components leads to increase in the first few 
natural frequencies of the pump assembly and a decrease in the natural frequencies of higher modes indicating a 
stiffness and mass loading respectively. 
Fig. 8a. shows the comparison of the acceleration levels at the end cover for models 1, 2 and 3.  The addition of 
internal components in the FE model cause a reduction in the acceleration levels at the 9th, 27th and 36th orders. 
The acceleration levels at the 18th order are not significantly influenced by the addition of internal components. The 
addition of end cover fittings increased the acceleration levels at the 9th and 27th orders and reduced the 
acceleration levels at 18th and 36th orders.  
 
     Table 2. Natural frequencies of the pump assembly. 
Mode No. Model 1 Model 2 Model 3 
1 1.0 1.07 0.96 
2 1.12 1.18 1.04 
3 3.25 3.48 2.99 
4 3.44 3.52 3.22 
5 5.52 4.40 4.14 
6 5.95 4.42 4.39 
 
Fig. 8b. shows the frequency averaged mode coefficients for the models 1, 2 and 3. The modal coefficients 
indicate that the first and fourth modes of the pump assembly are dominant contributors to the vibration of the 
pump. The mode coefficients of mode 1 are lower in model 2 compared to model 1 and are higher in model 3 
compared to model 1. The mode coefficients of mode 4 progressively reduce from model 1 to model 3. Thus, with 
the inclusion of internal components the modal contribution of the bending mode and axial mode is reduced and the 
addition of end cover fittings increases the modal contribution of the bending mode and reduces the modal 
contribution of the axial mode. 
 
(a) (b)  
Fig. 8. Comparison of (a) Vibration levels and (b) Modal contributions of the models 1, 2, and 3 
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Fig. 9. Comparison of simulation and experiment end cover acceleration level results 
Fig. 9. shows the end cover acceleration levels predicted by simulation compared to the experimental 
measurements. The predicted vibration levels are ~2 dB higher than experimental measurements but show a close 
trend match with the measurements. 
4. Results and Discussion 
In the present work the mechanism of the generation and propagation of vibration in an axial piston type 
hydraulic pump is identified and a combined MBD/FE approach is developed for modeling the dynamics and 
vibration behavior. In this approach, the numerical modeling of the pump mechanism dynamics is carried out using 
multibody dynamics approach and a finite element model of the pump is developed for modeling the vibration 
response. This approach can be extended to complex rotating machines where the rotor construction is intricate 
(involving components with large relative translation/rotation) and rotor loading is unsymmetric and time varying. It 
is found that the primary excitation sources of the vibration generation in the axial piston pump are the dynamics of 
the internal components and pressure fluctuations in the end cover and need to be considered in the analysis. The 
constraint excitation forces, obtained from the multibody dynamic analysis, are found to be harmonic in nature and 
show distinct peaks at the pumping orders. Further, the first four pumping orders are found to be the most dominant. 
In the present case it is found that the swashplate and driveshaft bearing forces exhibit a dominant 9th order and the 
control piston forces exhibit a dominant 18th order. This behavior is dependent on the nature of variation of the 
pressure forces acting on the piston. It was found, from the finite element modeling, that the first few modes of the 
pump assembly are vertical bending, lateral bending, torsional and axial in nature. These modes are primarily 
responsible in governing the vibration behavior. Also, it is found that the inclusion of internal components and end 
cover fitting masses in the finite element model is important and provides better correlation with the experimental 
measurements. The end cover acceleration levels obtained from the simulation were compared with the 
experimental data and found to agree well with the experimental results. Further studies are being carried out to 
understand the influence of variations in the component stiffness and damping on the vibration level predictions. 
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